Introduction
The large-scale commercialization of lithium-ion cells can be dated back to the early 1990s with the development of modern portable consumer equipment, from wireless communications to mobile computing. 1 The lithium-ion cell consists of an anode electrode (such as lithium metal or lithiated carbon supported onto a copper current collector), a cathode electrode (for example LiCoO 2 , LiMn 2 O 4 or LiFePO 4 supported onto an aluminium current collector) 1 immersed in non-aqueous or aprotic electrolytes consisting of lithium salts (such as LiPF 6 , LiBF 4 or LiClO 4 ) dissolved in an organic solvent (for example ethylene carbonate, dimethyl carbonate, or diethyl carbonate or a mixture of them) 2 . The anode and cathode electrodes are separated by a separator which was made of a porous membrane (such as cellulose, glass fibre, inorganic composite membranes and microporous polymer membranes) to allow the ionic flow or transport of lithium-ions between the electrodes. 3, 4 Lithium-ion cells are manufactured and assembled in the discharge state (the lithium-ions are in the cathode's active material structure). The cell was first charged before it is sealed and packaged for commercial use. During the charging process lithium-ions are extracted from the lithium metal oxide structure and migrate through a porous separator with the aid of an electrolyte, into the anode active material (known as intercalation). Whereas upon discharge the lithiumions are extracted from the anode and embedded back into the vacant sites of the lithium metal oxide material's crystal structure (known as de-intercalation). Fig. 1 demonstrated the intercalation and de-intercalation processes taking place in a lithium-ion cell.
The synthesis process used to make the cathode oxide material for lithium-ion batteries has undergone a variety of changes in techniques that ranged from solid-state to sol-gel, co-precipitation, REVIEW ARTICLE C.D. Snyders, E.E. Ferg, J. Schuelein and H. Loewe, 88 S. Afr. J. Chem., 2016, 69, 88-97, <http://journals.sabinet.co.za/sajchem/>. combustion, spray pyrolysis, microwave and hydrothermal methods. 5 Even though many of these methods have proved to be useful at laboratory-scale synthesis, the complexity and cost implications of scaling such methods to industrial manufacturing often proved to be unfeasible. Over the years one method, the spray pyrolysis method, proved to be successful at both laboratory-scale and industrial level of synthesizing. The spray pyrolysis method showed versatility in its approach to incorporate a variety of chemical compositions and techniques that can be scaled to industrial feasible processes with relative ease.
The present study reviewed the historical and current uses of the spray pyrolysis method on the synthesis of cathode oxide materials in lithium-ion (Li-ion) batteries. The traditional synthesis methods used at laboratory scale to make cathode materials for Li-ion batteries mainly comprised of solid-state reaction methods. The solid-state methods were applied by a relatively simple process of mixing the right ratios of solid powders containing the lithium-ion (usually Li 2 CO 3 ) with a transition metal oxide such as Mn, Co or Ni. These elements were typically heated in an oxidizing atmosphere at high temperatures for a few hours. The processes were scaled with relative ease to industrial batch-size processes to obtain a relatively consistent product that met the requirements in application. These reaction processes were divided into two methods/categories (the dry solid-state and wet-milling methods), depending on the difference in pre-treatment. 6 However, these methods had a number of disadvantages in both the cost of scaling and the consistency of the final prepared product. The disadvantages included a relatively large particle size distribution, long synthesis times at elevated temperatures, several mechanical mixing and grinding steps. 
Various Synthesis Methods
The different cathode oxide materials (such as LiCoO 2 , LiMn 2 O 4 and LiFePO 4 ) were synthesized following various synthesis techniques (including the solid-state, sol-gel and spray pyrolysis method), which are discussed in the sections that follow.
Synthesis by Solid-state Method
The well-known cobalt-based cathode material, LiCoO 2 , was synthesized by the solid-state method by mechanical mixing the right stoichiometric ratios of Li 2 CO 3 and Co 3 O 4 , followed by heating the product at 850°C for 24 hours. Thereafter the product underwent further calcination at 650°C for 12 hours in an air atmosphere. The final crystalline reaction product was ground and stored in a desiccator due to its hygroscopic nature. 7 The typical synthesis of LiMn 2 O 4 by solid-state reaction involved stoichiometric amounts of Li 2 CO 3 and MnO 2 as starting materials. These starting materials were ball milled and heated at 750°C for 24 hours in an air atmosphere. The final product was ground at ambient temperature. PO 4 as starting materials in the right proportionate amounts in an acetone medium using a ball mill for 24 hours. The product was preheated in air at various temperatures: 200, 300 and 400°C for three hours. The samples were further calcined at 700°C in Ar gas for six hours, producing the final product. 10 However, Kim et al. 11 prepared this material slightly different, using an acetone solution of FeC 2 O 4 ·2H 2 O, Li 2 CO 3 and NH 4 H 2 PO 4 that was ball milled for 24 hours followed by drying at 100°C for 12 hours. The product was decomposed by heating it at 350°C for 10 hours in an Ar atmosphere. The dried product was pelletized and calcined at 600°C for 10 hours under Ar producing the final crystalline LiFePO 4 . 11 These four examples showed that the solid-state synthesis procedures were lengthy in time and high in energy consumption.
Synthesis by Sol-gel Method
Over the years various synthesis methods were developed not only to improve the performance of the material but also to reduce the energy required and the time involved in solid-state synthesis methods. The use of sol-gel chemistry was originally studied in 1846 by Ebelenen 12 when he discovered that SiO 2 gels could be formed through hydrolysing Si(OEt) 4 . However, it was only in 1930 that the sol-gel method developed further for commercial applications. 12 The synthesis of silica by sol-gel method involved the hydrolysis and condensation of silicon alkoxides. The synthesis method could be explained as follows 13 and summarized in Fig. 2 The sol-gel method was further developed for the synthesis of a variety of glasses, ceramics, inorganic fillers and coatings. 12 In some industrial applications, the coatings were used for chemical protection (such as corrosion inhibitors) and mechanical protection (such as abrasion resistance). 14 The technology was also used in biomedical applications (such as biomedical sensors and coatings for metal implants) 15, 16 and is still used daily in various chemistries such as cosmetics (including sunscreen lotion and makeup with UV absorbers). 16 The uniqueness of the sol-gel method was that it produced a homogeneous mixture in a solution that was almost at the atomic/molecular level. The stoichiometric amount could be controlled and the synthesis temperatures were relatively low in comparison to the solid-state method. Short heating rates by the sol-gel process could produce a good crystalline material with uniform particle sizes that had relatively smaller diameters. 12 However, there were a number of disadvantages in using sol-gel methods that included the high cost of the raw material and a comparatively large volume shrinkage as a result of drying and sintering the material.
A number of cathode materials for Li-ion batteries were made by using the sol-gel method. The methods included the layered (LiCoO 2 ) structured material that was prepared by dissolving a cobalt salt (nitrate or acetate) in a suitable solvent such as water or ethanol. The carrier used to control the particle size and uniformity for dispensing ions in the solution was typically made of an organic compound that acted as a chelating agent (such as citric acid, polyacrylic acid, malic acid or oxalic acid) producing an aqueous solution. At this point, the pH of the solution had to be maintained producing an acidic solution (at about pH 4 to pH 5.5) by the addition of an aqueous LiOH or ammonium solution. 12, 17 The solvent evaporated at about 70 to 100°C, producing a viscous gel that was completely dried at about 140 to 400°C, producing a precursor powder. The precursor powder was heated between 500 and 800°C in air with a 12-hour plateau producing the final metal oxide product. 12, 17, 18 There have been recent developments in making the layered structured materials with new synthesis routes by doping the final material with various transition metal elements that included Mg, Cu, Eu or Co. [19] [20] [21] [22] In addition, the method was used to coat the active layered oxide with carbon and various metal oxides that included Al 2 O 3 , MgO, Li 2 CO 3 , AlPO 4 , SnO 2 . 12, 23 These new developments have shown improvements in reducing the manufacturing cost, increasing the active material's capacity and cycling ability, improving structural stability and improving the overall electrochemical properties of the batteries. 12, 23 The sol-gel synthesis process of the well-known spinel-type LiMn 2 O 4 materials was typically made by dissolving the manganese and lithium salts (acetates) in stoichiometric amounts with a carrier (citric acid, ethylene glycol, polyacrylic acid, adipic acid or glycolic acid) [24] [25] [26] in water. The result was an aqueous solution where the pH was sometimes adjusted to a slightly basic form by adding ammonium hydroxide. 12, [27] [28] [29] The aqueous solution was then heated to 120°C with continuous stirring to form the gel-solid precipitate. Further heating resulted in the solid powder precursor which was completely dried at 140°C for about five hours. The dried precursor was calcined at 750°C for about 15 hours in an air atmosphere producing the final Li-metal oxide spinel cathode material. 27 Modifications of the spinel material were done by doping the spinel material with various transition elements (only a few are mentioned such as Mg, Al, Cr, Co and Ni) 27, [30] [31] [32] and by surface coating (such as nano-SiO 2 , Al 2 O 3 and carbon coating). 33 These modifications helped to increase the electrochemical properties of the material, such as improvement in capacity retention and cycleability, improved interfacial properties between electrolyte and electrode, enhanced electrical conductivity and protecting the metal oxide from chemical corrosion. 33 The sol-gel synthesis method for synthesizing the olivine-type structure materials, of which the LiFePO 4 is a typical example, consisted of various starting materials. For the Li component, the following salts could be used: Li (OH)·H 2 35 Both these procedures resulted in a sol-gel at 80-85°C with vigorous stirring. The first procedure required drying the gel at about 500°C under Ar gas, decomposing all the organics present and heating the precursor up to 700°C under a reducing gas mixture (10 % H 2 in Ar) resulting in the pure olivine structure. The second procedure however, required the gel to dry under a reducing atmosphere of a H 2 /N 2 (10/90) mixture until the gel dried completely. Thereafter, the precursor was heated at 675°C for four hours under the same atmospheric environment resulting in the olivine-structured material. The olivine-structured material was pyrolized or sintered in a controlled gas environment to prevent the formation of Fe 2+ resulting in an increased yield of the olivine structure. Dopants were introduced to the material to improve the conductivity and cycle life by using ascorbic acid as the carrier with dissolved metals such as Cu or Ag. The metals were added in very low concentrations to improve the kinetics and conductivity of the final structured material. 12 Other cathode materials for lithium-ion batteries were also REVIEW ARTICLE C.D. Snyders, E.E. Ferg, J. Schuelein and H. Loewe, 90 S. Afr. J. Chem., 2016, 69, 88-97, <http://journals.sabinet.co.za/sajchem/>. prepared and studied using the sol-gel methods. The materials included a range of lithium vanadium oxides and lithium nickel oxides. The Li-ion intercalation into V 2 O 5 was already recorded in 1976. 38 V 2 O 5 was considered a cathode material because of its low cost, abundance and its ability to synthesize easily with a relatively high energy density. V 2 O 5 had a layered crystal structure and therefore, it was a typical intercalation compound. However, due to the material's poor structural stability during the intercalation process, low electronic and ionic conductivity and slow electrochemical kinetics, the development of V 2 O 5 as cathode in rechargeable lithium-ion batteries was limited. 38 Using the solid-state method, lithium vanadium phosphate (Li 3 V 2 (PO 4 ) 3 ) was synthesized by mixing appropriate amounts of NH 4 H 2 PO 4 , V 2 O 5 and Li 2 CO 3 . The prepared mixture was heated at 300°C in air for four hours, allowing water and NH 3 to evolve. The obtained product was ground, pelletized and heated at 850°C in an H 2 atmosphere for eight hours. After furnace cooling, the product was ground, pelletized and heated again for another 16 hours (at 850°C) to ensure complete final metal oxide formation. 39 Li 3 V 2 (PO 4 ) 3 prepared by the sol-gel method involved dissolving LiOH·H 2 O, NH 4 VO 3 , H 3 PO 4 and citric acid in distilled water while stirring continuously and maintaining the pH around 9 by adding NH 3 ·H 2 O. 40 The gel was formed by means of vacuum drying at 120°C for eight hours. The dried gel was heated at 300°C for three hours in air to remove water, NH 3 and CO 2 completely. The obtained product was calcined for eight hours at 700-900°C in a reducing atmosphere (8 % H 2 in Ar). 40 The electrochemical performances of this material showed an increase in cycling capacity with reasonably good capacity retention of about 95 %. 40 LiNiO 2 was also used as a cathode material for Li-ion batteries. The cost of LiNiO 2 was relatively lower than the cost of LiCoO 2 and had a higher reversible capacity. The layered structure made it difficult to prepare the material on a large scale because of the Ni 2+ to Ni 3+ oxidation. 12 LiNiO 2 had a lower degree of ordering (when compared to LiCoO 2 ) when the nickel-ions occupied the sites in the lithium crystal planes causing difficulties to form the appropriate composition. 41 The problems were solved by adding cobalt upon which the nickel-ion positions were occupied by the nickel/cobalt crystal plane, resulting in an increased degree of ordering. 41 Following a sol-gel synthesis route, this cathode material was synthesized by making an aqueous solution consisting of lithium hydroxide, ammonium hydroxide, a nickel salt (such as nickel nitrate) and citric acid. The solution was stirred and the solvent was removed at a temperature below 100°C to form a xero-gel. Crystalline LiNiO 2 was formed by heating the obtained dry powder at above 400°C. 12 The sol-gel synthesis method produced a good capacity retention material. Cobaltdoped LiNiO 2 by means of sol-gel methods was prepared as follows: Stoichiometric nitrate amounts of lithium, cobalt and nickel were dissolved in a suitable solvent (such as water or ethanol) with chelating carrier agents (such as ascorbic acid, citric acid, maleic acid, oxalic acid or triethanolamine) 12, 42 The resulting solution was stirred at 80°C. The obtained solution was heated further at 100°C, producing a gel. The gel was dried at 100-200°C for two hours and at 240°C for five hours. 42 The dried precursor was calcined further for 12 hours at 800°C. 12 The doped material stabilized LiNiO 2 and improved the electrochemical properties.
Synthesis by Spray Pyrolysis Method
Spray pyrolysis combined with the development of sol-gel chemistry processes proved that it is necessary to synthesize powders of good quality, low moisture and a narrow particle size distribution. The technique was used for a variety of chemistry syntheses and could be adapted for either continuous or single-step preparation methods. The use of spray pyrolysis as a route for thermal synthesis of chemical materials was used in many industries for a variety of applications such as fuel cells (Pt active material), foods (milk powder, cereal, coffee, tea), pharmaceuticals (antibiotics, medical active ingredients) and consumer goods (paint pigments, ceramic materials, catalyst supports). 43, 44 Besides the large number of advantages this technique displayed, it also had a few disadvantages. The technique was well suited for the synthesis of micro-or even nano-sized particles. However, an efficient separation technique was required for the production of these fine powders in order to avoid the loss of products and environmental pollution. 44 These processes often required high evaporation rates and usually took place within short residence times. The spray pyrolysis method was ideal for drying heat-sensitive materials but it was not suitable for materials that could conglomerate easily. The powders of the desired material were produced from a liquid or slurry mixture that was pumped through a set of nozzles after which it was dried rapidly with the aid of hot gases. Air was the preferred gas to use during the drying process. However, if the solvent or liquid was flammable and if the produced product was oxygensensitive, nitrogen gas was often used. The technique used spray nozzles or atomizers that could disperse the liquid into very finely controlled droplets. The gas used during the process, acted as a carrier, enabling the particles that were formed to undergo a significantly faster and uniform thermal reaction. The flow of the precursor solution was pumped, usually by a peristaltic pump, with a constant gas flow through a nozzle into a pre-heated heating apparatus. At this point, solvent evaporation took place rapidly and the dried mixed precursor powder was passed through a filtering system that collected the final desired active material. The final product of this process produced amorphous, semi crystalline or crystalline powders. 45 A schematic diagram of the spraying process was shown in Fig. 3 .
Using the spray pyrolysis process, ultrafine LiCoO 2 could be synthesized in a short period. The method involved the use of an aqueous solution containing acetates of Li and Co with polyethylene glycol. The solution was pumped through a nozzle with pressurized hot air (at 0.1 MPa, a gas flow rate of 6.6 L min -1 and a residence time of 6 sec) into a heated apparatus at about 300°C. 46 The dried precursor material was formed followed by further calcining at 800°C in air for four hours, producing the pure LiCoO 2 . 46 Spray pyrolysis techniques were used successfully to make pure cubic spinel LiMn 2 O 4 hollow structures with a spherical shaped nanostructured particle with improvements to the electrochemical properties. 47 The method involved the use of an aqueous reaction solution of LiNO 3 and Mn(NO 3 ) 2 ·6H 2 O in stoichiometric ratios that went through an ultrasonic atomizer (at 100 kHz with a gas flow rate of 20 dm 3 min -1 and residence time of 60 sec) into a heated ceramic furnace at 800°C for four hours in an air atmosphere. 47 Gomez et al. 48 5 ). An aerosol ultrasonic generator atomized the solution, with Ar as the carrier gas (with a flow rate of 1.5 L min -1 ) into fine droplets at 2.1 MHz. The droplets passed through a tubular flow reactor and thermally decomposed at 400 to 700°C. The obtained powders were further heated for six hours in an Ar atmosphere at 600 to 800°C, obtaining the pure LiFePO 4 phase. 48 Companies such as Argonne National Laboratory (USA), who made nanoparticles of lithium titanates and spinel oxides, made
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active cathode materials for Li-ion batteries by means of the commercial process of spray drying. They had a license agreement with BASF to produce and market these materials. 49 
Characterization of Materials made by Spray Pyrolysis Method
Li et al. 46 followed the spray pyrolysis technique for the LiCoO 2 synthesis route and the scanning electron microscopy (SEM) analysis showed the formation of a relatively good distribution of homogeneous particles with a small grain size, with no agglomeration and an average particle size of between 200 and 700 nm. During their electrochemical testing, when a constant charge/discharge current was applied, an initial charge capacity of 148 mAh g -1 and a discharge capacity of 135 mAh g -1 were observed with a good cycle life without any distinct capacity loss over 10 cycles. 46 The synthesis process for this material (in comparison to other synthesis techniques) was shortened to a period of eight hours. This process improved the preparation of the materials in comparison to the normally batch synthesis, positively contributing to time efficiency and improved cycle life.
Further investigations were performed on the cathode material using doping and coating to improve the material's electrochemical behaviour further. One of these investigations was doping with Zr using ultrasonic spray pyrolysis. 50 LiCo 1-x Zr x O 2 was prepared by making a 0.5 mol L -1 solution consisting of Li, Co and Zr nitric salts. The produced solution was atomized at 1.67 MHz into a two-stage heating zone (at 400 and 800°C) quartz reactor. The product was calcined at 900°C for 20 hours in a furnace using air. 50 A 1 mol% Zr-doped material produced a pure spinel layered structure. Increasing the Zr-doped concentration showed a decrease in the 1C discharge capacity. These results were summarized in Table 1 . As the discharge rate was increased, the capacity typically decreased (summarized in Table 2) .
From these results, it was concluded that Zr doping improved both cycling stability and rate performance comparatively. The expansion of the unit cell's lattice distance to allow the extraction/insertion of the Li + ion upon discharge/charge respectively explained the improvements. 50 The only shortfall in this study was adding and increasing the Zr content by more than 1 mol%, as it developed into a secondary phase (Li 2 O 3 ). 50 The preparation of a lithium cobalt oxide material with both Mn and Ni as dopants to form Li 1.2 Mn 0.54 Ni 0.13 Co 0.13 O 2 showed the versatility of the spray pyrolysis method in synthesizing cathode oxides. 51 The Mn and Ni-doped lithium cobalt oxide material was synthesized by making a 2.5 M aqueous nitrate solution that contained LiNO 3 , Mn(NO 3 ) 2 ·4H 2 O, Ni(NO 3 ) 2 ·6H 2 O and Co(NO 3 ) 2 ·6H 2 O in the right proportions. The prepared solution was sprayed (with the aid of an ultrasonic nebulizer) at 2.4 MHz into a preheater (at 200°C) with a water-saturated air carrier gas (at a flow rate of 6.6 L min -1 with a residence time of 6 sec). The precursor powder was placed in a temperature-controllable 3-zone vertical furnace reactor where the reactor wall temperatures were kept at 350, 575 or 650°C, respectively. The cooled powder was collected on a porous polycarbonate membrane filter for further analysis and cell preparation. 51 A robust synthesis method was required to prepare the cathode oxide materials for lithium-ion batteries. Most synthesis methods (such as solidstate combustion and freeze drying) were challenging as they REVIEW ARTICLE C.D. Snyders, E.E. Ferg, J. Schuelein and H. Loewe, 92 S. Afr. J. Chem., 2016, 69, 88-97, <http://journals.sabinet.co.za/sajchem/>. required long reaction times, they contained material impurities and batch-to-batch inconsistencies which caused obstructions in the large-scale implementation. The synthesis technique used for this material showed that the variable reactor temperature effect was important, as the primary particle's size influenced the electrochemical performance significantly. A material with a decrease in its primary particle stimulated the electrochemical activation as well as an increase in capacity. In this study, the reactor temperature varied between 350, 575 and 800°C, respectively. At 350°C, a large particle size was observed because the material was hygroscopic with traces of unreacted LiNO 3 . Above 575°C, the nitrate salts reacted completely during the synthesis process. However, the crystallinity of the material increased with improved primary particle growth by increasing the heat of the material from 800 to 900°C at shorter time intervals. For cycling and rate capability tests, a discharge capacity that ranged between 162 and 206 mAh g -1 was observed after 100 cycles at a C/3 rate. 51 This study (following spray pyrolysis) showed improvements in the batch-to-batch consistency, phase pure materials and cathode materials that produced excellent electrochemical performance.
The electrochemical properties of LiCoO 2 could improve by coating the particles with glassy lithium boron oxide (LBO) during the flame spray pyrolysis process. 52 This type of coating was used in the current study because it had a high Li + content and conductivity. The wetting properties of the coating were good with a relatively low viscosity. The synthesis process consisted of a 1.5 M aqueous nitrate solution that contained LiNO 3 and Co(NO 3 ) 2 ·6H 2 O dissolved in distilled water, LiNO 3 and boric acid (H 3 BO 3 ) were used for the Li 2 O-2B 2 O 3 glass coating material. This solution was pumped (at a 5 L min -1 flow rate) with an O 2 carrier gas (at a 10 L min -1 flow rate) into a high-temperature diffusion flame. The produced precursor droplets evaporated, decomposed and melted in the diffusion flame. The produced precursor particles were calcined at 500, 600 and 700°C, respectively for three hours in air. The LBO glass-coated LiCoO 2 produced a particle size with a mean of about 54 nm, which was slightly larger than the pure LiCoO 2 of about 42 nm. The coated material and the pure LiCoO 2 showed lower charge and discharge capacities before calcination (Table 3) .
These materials' crystallinity and electrochemistry improved by post-treating the pure LiCoO 2 and the LBO glass modified LiCoO 2 at temperatures between 500 and 700°C. When the pure LiCoO 2 and the LBO glass modified LiCoO 2 materials were calcined at 600°C, an improvement was observed in the material's discharge capacity, decreasing from 119 to 85 mAh g -1 (for pure LiCoO 2 ) and 122 to 109 mAh g -1 (for the LBO glass modified LiCoO 2 ) upon cycling (55 cycles). From the results, it was concluded that coating the active material's particles increased the mean particle size, showing an improvement in the material's electrochemical properties (such as improved charge/discharge capacities and good cycle properties) and decreasing the material's reactivity in an acidic electrolyte. 52 The spray pyrolysis synthesis method was also applied successfully to make manganese spinel cathode material. 53 A big advantage of the technique was that a small particle size could be achieved when the final dried solid LiMn 2 O 4 powder, made from the spray technique, obtained particles that ranged between 75 and 1250 nm. 54 Taniguchi et al. 47 also studied the synthesis of LiMn 2 O 4 by the spray pyrolysis and drying system. According to their study, the X-ray diffraction analysis showed a pure crystalline material that was cubic spinel in structure, and the SEM analysis showed that the particles were spherical and in some cases, hollow. The charge/discharge curves showed distinct plateaus corresponding to well-defined LiMn 2 O 4 structures, indicating the characteristics of a spinel manganese oxide structure. Their electrochemical analysis results were summarized in Table 4 .
After 99 capacity cycles an irreversible capacity loss of 12 % was reported. 47 An increase in rate also produced a slight change in discharge capacity, which was a result of slow lithium-ion diffusion, but it was still producing a relatively high discharge capacity. Following this method showed good cycle and high rate performances.
The manganese spinel cathode material, LiMn 2 O 4 , experienced capacity fading during cycling, therefore doping contributed to the improvement of cycling performance. These doping elements included B, Co, Fe, Cu, Al and Cr to mention only a few. [55] [56] [57] [58] [59] The doped LiM x Mn 2-x O 4 material was made by using an aqueous solution that contained nitric salts of the respective dopants with an approximately 0.9 M total metal-ion concentration with tartaric acid for a pH control between 1 and 1.7. 55, 59 The prepared precursor solution was atomized by an ultrasonic nebulizer (frequency ranging from 1.3 to 1.75 MHz). The solution was sprayed into air (at a flow rate of 500 mL min -1 ) in an electric furnace that was preheated to 800°C. Solvent evaporation took place within the heating reactor and produced the final oxide particles with a residence time of about 9.4 sec. [55] [56] [57] [58] [59] The boron-doped, LiB x Mn 2-x O 4 , phases were studied at different concentration ranges where x = 0.1-0.4. When X-ray diffraction was done, pure crystalline spherical morphology was observed, whereby these spherical morphologies decreased as the boron concentration increased. 55 However, SEM analysis showed porous and hollow particles except for the high boron concentration materials contributing to the submicron size of mainly all the materials. Having these small particle sized materials for lithium batteries would result into higher charge/discharge rates and short diffusion paths. Electrochemical analysis results showed a significant decrease in the first discharge capacity as provided in Table 5 .
The boron-doped material, LiB 0.3 Mn 1.77 O 4 , retained up to 82 % of its capacity after 50 cycles at the 0.5C rate. 55 Although the material showed a decrease in the first discharge capacity, an improvement in the material's structural stability was observed upon capacity cycling. The results obtained in this study met the industry requirements because the materials produced good cycling performance and capacity. Cobalt-substituted LiMn 2 O 4 samples were studied by heating the sample at 750°C for various time intervals (1, 4 and 8 hours) by the ultrasonic spray pyrolysis process. Their structural analysis showed spherical single spinel-phase particles that ranged in crystallite sizes (summarized in Table 6 ). 56 This structural behaviour (crystallinity increase) resulted in an increase in the first discharge capacity (refer to Table 6 ) with a decrease in irreversible capacity loss over the first cycles (below 10 %).
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The cobalt-substituted LiMn 2 O 4 material was also studied at various C-rates ranging from 1C to 60C. At higher rates (60C), the sample that was prepared at four hour time intervals resulted in better capacity retention (87 %) when compared to the capacity at 0.1C rate. The spray pyrolysis process was followed for this material at four hour time intervals which showed an improvement in the electrochemical performance at high rates, whereby the crystallinity was well controlled. 56 Taniguchi et al. 60 studied LiMn 2 O 4 with its substituted form LiM 1/6 Mn 11/6 O 4 (M = Co, Al and Ni) synthesized by ultrasonic spray pyrolysis. The ultrasonic spray pyrolysis synthesis method involved making an aqueous nitrate solution (0.45 mol dm -3 in concentration). The solution was generated into a mist by an ultrasonic vibrator with a flow of air (flow rate of 2 dm -3 min -1 ) into an electric furnace, (the mist was kept in the furnace for 4.8 min) to dry and complete the pyrolysis process. The produced materials' crystallite sizes with its specific area were summarized in Table 7 . The spray pyrolysis synthesis route was followed and LiAl 1/6 60 . Over the years, LiMn 2 O 4 was used as a suitable cathode material for lithium-ion batteries. However, this material also experienced a few disadvantages of which capacity fading was one of the main drawbacks especially at elevated temperatures. Capacity fading was suppressed by the addition of AlPO 4 to the electrolyte. Bakenov et al. 61 studied this electrolyte's alteration by following the spray pyrolysis technique. They prepared the spinel material by atomizing the precursor solution (an aqueous 0.9 mol dm -3 total cation solution) at 1.7 MHz with an ultrasonic nebulizer. The sprayed droplets with airflow were carried into the reactor (at 800°C) where the solvent evaporated, dried and pyrolyzed forming the solid oxide particles. Thereafter, the particles were collected by means of an electrostatic precipitator at 150°C. AlPO 4 was added to the electrolyte (1:1), stirred for 24 hours and thereafter the solid AlPO 4 phase was separated from the electrolyte by means of the centrifuge technique. The powder X-ray diffraction analysis showed pure single-cubic spinel structures. From the electrochemical results it was observed that the materials' capacity fade decreases with an increase in temperature. At 60°C, 50 % of the materials capacity was lost (after 50 cycles). However, with the addition of AlPO 4 a capacity loss of 28 % was observed at 60°C. 61 An improvement in the materials' capacity fading was observed by adding AlPO 4 especially at high temperatures.
Another new development in this spinel structure was that LiMn 2 O 4 particles were coated to improve the electrochemical performance in the cathode oxide material. The effects included the dissolution of the electrode material that was in contact with the electrolyte, with side reactions on the electrode's surface and the crystal structure's instability contributing to shortening the battery's capacity life. The particles of LiMn 2 O 4 (LMO) could be coated with lithium boron oxide glass (LMO-LBO) and TiO 2 (LMO-TiO 2 ) by a spray pyrolysis process. 62 The spray pyrolysis process involved dissolving Li, Mn and boron precursors and atomizing them into droplets. These droplets were exposed to a heated reactor where the Li reacted with the Mn to form LiMn 2 O 4 and upon evaporating the solvent, a reaction between Li and B occurred to produce the LBO glass phase. The preparation of a core-shell structure by the one-step spray pyrolysis method occurred where the substance, with a higher melting point, tended to bond at the core, while the substance with a lower melting point would be 'pushed' outwardly forming the coating layer 62 as illustrated in Fig. 4 62 The coated synthesis route enhanced or improved the materials' structural stability and prevented the active materials' dissolution during cycling.
LiFePO 4 prepared by spray pyrolysis 48 , produced spherical, hollow, non-agglomerated, narrow particle sizes of 200 to 400 nm (at 500°C) according to the SEM analysis. However, X-ray diffraction analysis showed a mixed amorphous/crystalline sample (at 500°C with traces of Li 3 Fe 2 (PO 4 ) 3 , Fe 2 O 3 and SiO 2 [from the quartz tube of the reactor] phases) resulting in heating the sample more at 600 to 800°C for six hours. This annealed heat-treated material produced non-spherical hollow particles with a foam-like appearance and larger particle sizes. 48 Nanostructured particles prepared by spray pyrolysis (which was achieved in this study) resulted into shorter Li + ion diffusion lengths and a reduced ohmic drop, enhancing the electrochemical performance (higher capacities at higher rates). 48 REVIEW ARTICLE C.D. Snyders, E.E. Ferg, J. Schuelein and H. Loewe, 94 S. Afr. J. Chem., 2016, 69, 88-97, <http://journals.sabinet.co.za/sajchem/>. The structural, morphological and electrochemical performance of LiFePO 4 cathode materials was improved by doping and coating them using similar spray pyrolysis. [62] [63] [64] [65] The material was doped with transition metals such as Ni, Co, Mg and other metals that are still being investigated. 63 The solution was pumped into a furnace (at 400°C) with the aid of Ar as the carrier gas. A cyclone collected the produced precursor powder, which was further calcined at 750°C for 10 hours. 63 Wang et al. 63 studied the effect of Mg-doped Li 1-x Mg y FePO 4 at various stoichiometric amounts (x = 0.97, 0.98, 0.99 and y = 0.005, 0.01, 0.02). X-ray diffraction analysis showed a pure single olivine-doped structure and the SEM analysis showed the crystallized powders with an average particle size of between 1 and 2 µm. The result was a material that had a higher electronic conductivity by four orders of magnitude when compared to the undoped LiFePO 4 material. 63 The initial charging capacity was higher than its discharge capacity, which could be due to LiFePO 4 producing a large surface area by the spray pyrolysis synthesis. Further investigations were done on this material due to its poor electrochemical results which could be improved by optimizing the sintering procedure which could lead to obtaining optimal crystals and improved electrochemical performance 63 . A two-step carbon coating and spray pyrolysis process prepared LiFe 0.6 Mn 0.4 PO 4 /C. 65 Firstly carbon coating was prepared by dissolving the appropriate starting materials with sucrose in ethanol. The mixture was ball milled for three hours, dried under vacuum at 100°C for two hours and heated in a furnace for three hours at 550°C under N 2 . The second process involved ball milling in the water of the pre-sintered product, polyethylene glycol (PEG400 as a dispersant), sucrose and multiwall carbon nanotubes (MWCNT) for five hours producing a suitable slurry. The slurry was sprayed to form an aerosol, resulting in the formation of spherical powdered particles after the moisture had evaporated. The spray-dried product was annealed at 650°C for 10 hours under N 2 , forming pure LiFe 0. 
Conclusion
This brief review of the spray pyrolysis through sol-gel materials for Li-ion cathode materials showed the versatility of the ability to prepare a number of doped and coated materials that could range in particle size, crystalline characteristics and material properties. In this study, it was observed that a spray pyrolysis method produced micro to submicrometre particles effectively, as well as particles with narrow particle size distributions and homogeneous particles in a continuous step, which was controllable in a short time period. These parameters contributed to optimize the electrochemical properties (making it possible to still obtain reasonable capacity at high rates) in terms of the achievable discharge capacities and capacity cycle durability. The use of a spray pyrolysis method resulted in a decreased use of expensive reagents/compounds (cost effective), it lowered solvent use, improved temperature control, and workplace safety because of the decrease in harmful materials to which workers could be exposed. The spray pyrolysis synthesis process could be considered as a suitable technique for large-scale pilot plant cathode materials, concluding that the technique met the industrial requirements or specifications. In this study, the spray pyrolysis through sol-gel materials was followed to obtain the materials' best results.
